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Abstract: The generation of eucalypt sawdust has increased in Uruguay with the expansion of pulp 
and paper industrial sites. Currently, most of this readily available feedstock is either not used or 
applied for producing heat and power by combustion in biomass boilers. In this work, eucalypt 
sawdust was subjected to steam explosion as the first step for cellulosic ethanol production within 
the biorefinery concept. The effect of sawdust moisture content, pretreatment temperature and res-
idence time were evaluated, along with the influence of water washing of steam-exploded solids on 
enzymatic hydrolysis and fermentation yields. After steam explosion, 60% xylans and 97% acetyl 
groups were recovered mainly as oligomers and acetic acid in the pretreatment liquor. Eucalypt 
sawdust moisture content affected the enzymatic hydrolysis performance and glucan conversion 
efficiency. Water washing after pretreatment improved hydrolysis efficiencies and ethanol produc-
tion yields by 10% with respect to the unwashed pretreated solids at the same experimental condi-
tion. The best ethanol yields were obtained using PSSF (pre-saccharification and simultaneous sac-
charification and fermentation) after pretreatment at 205°C for 10 min, using sawdust with an 8% 
moisture content. In this case, 227 L ethanol and 40 kg total xylose (including xylo-oligomers) were 
obtained per ton of dry eucalypt sawdust. 

Keywords: eucalypt sawdust; steam explosion; cellulosic ethanol; PSSF; high total solids; biomass 
moisture content 

 

1. Introduction 

Food security, energy supply, and climate change are among the biggest global challenges for 
the near future. For this reason, bioeconomy represents one of the major pillars for sustainable global 
development. The emerging bioeconomy basically involves the use of advanced biobased technolo-
gies to develop new sustainable processes and products from renewable materials [1–3]. The conver-
sion of lignocellulosic materials to fuel ethanol and other sustainable biofuels for the transport sector 
has a key role in facilitating the energy transition toward a net zero carbon emission to the atmos-
phere. Besides, by integrating the production of valuable biobased materials with biofuels and bio-
energy, the overall profitability and productivity of biomass conversion processes can be potentially 
improved [4]. 

Uruguay has large amount of eucalypt sawdust as a lignocellulosic agro-industrial residue with 
potential to produce cellulosic ethanol and other products within a forest biorefinery approach. 
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Eucalyptus spp. are fast-growing species that can achieve high biomass production and productivities. 
E. grandis, E. dunnii and E. globulus are the most widely used species in Uruguayan pulp mills. Large-
scale plantations of great economic importance are available for these species and their hybrids, and 
large quantities of wood residues are generated at the pulp mills during their processing [5]. 

The conversion of lignocellulosic biomass to ethanol requires a pretreatment step, the enzymatic 
hydrolysis of plant polysaccharides (mostly glucans), and the conversion of fermentable sugars to 
fuel ethanol. The purpose of pretreatment is to increase the accessibility of enzymes to structural 
polysaccharides such as cellulose, preserving hemicellulose and lignin components for their subse-
quent recovery as co-products while minimizing yield losses to side reaction such as dehydration. 

A wide variety of pretreatments have been used so far to breakdown the complex structure of 
the plant cell wall [6–11]. Steam explosion is known as an efficient, environmentally friendly, gener-
ally chemical-free industrially scalable pretreatment with which the biomass structure is altered by 
high pressure steaming followed by an explosive decompression [11–13]. During pretreatment, furan 
compounds (furfural, HMF, and their derivatives), aliphatic organic acids (acetic, formic, levulinic 
acids), phenolic acids (p-hydroxybenzoic, syringic, ferulic, and p-coumaric acids), and xylooligomers 
can be formed by dehydration, hydrolysis and oxidation, and these may act synergistically as poten-
tial inhibitors for enzymatic hydrolysis and fermentation [14–16]. To avoid such inhibitory effects, 
water-soluble sugars and degradation products can be separated by centrifugation and water wash-
ing of pretreatment solids. However, these operations increase production time and both electricity 
and water consumption in the process. 

Working at high total solids (TS >15 wt%) increases the concentration of fermentable sugars and 
improves ethanol production, thereby reducing the energy costs of ethanol recovery by distillation 
[11,17,18]. By contrast, working at low solids facilitates the mass transfer of enzymes and products, 
and reduces inhibition in both hydrolysis and fermentation stages. High TS technologies such as Very 
High Gravity (VHG) have been widely used in industrial scale to improve ethanol productivity from 
grains but not from lignocellulosic materials [19]. 

The use of high TS causes various difficulties in handling and mixing of pretreated materials 
due to its high initial viscosity, which requires a powerful impeller system [20,21]. High enzyme dos-
ages and the use of auxiliary enzymes such as xylanases is often necessary to improve enzymatic 
hydrolysis by decreasing the material viscosity and improving flow properties. Another alternative 
to increase enzyme accessibility and its catalytic activity, consequently increasing enzymatic hydrol-
ysis yields without increasing enzyme dosage, is the use of additives such as non-catalytic proteins 
(BSA) or non-ionic surfactants (polyvinylpyrrolidone, polyethylene glycol, Tween) [11,22–24]. 

The high concentration of inhibitors in pretreated lignocellulosic materials, when working at 
high TS, is one of the limiting factors for achieving high yields of enzymatic hydrolysis and ethanol 
production. To this end, water washing represents an important process step since adding a detoxi-
fication stage can imply a substantial increase in the process costs [25–27]. 

In this work, eucalypt sawdust was steam-exploded for cellulosic ethanol production within the 
biorefinery concept, aiming at maximizing process yields while minimizing the release of inhibitory 
compounds. The effect of water washing on enzymatic hydrolysis and fermentation using relatively 
high concentration of pretreated solids was investigated. A pre-saccharification and simultaneous 
fermentation strategy (PSSF) was used to reduce the medium viscosity during pre-hydrolysis, allow-
ing better mixing in the subsequent simultaneous saccharification and fermentation (SSF) stage. The 
effect of other process variables was also evaluated on the final glucose concentration after enzymatic 
hydrolysis, such as sawdust initial moisture content, reaction temperature, and the biomass residence 
time into the steam reactor. All other process streams were characterized to evaluate the recovery 
yield of valuable co-products. 

2. Materials and Methods 

2.1. Raw material 
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Eucalyptus grandis sawdust was obtained from a local pulp mill (UPM, Uruguay). The biomass 
was dried at 40°C until 8% moisture content and stored at room temperature. Material with particle 
size below 0.5 mm was discarded. The sieved sawdust chemical composition included 43.4 ± 1.2% 
glucans (mostly cellulose), 13.9 ± 0.4% hemicelluloses (mostly xylan) containing 0.3 ± 0.1% arabinosyl 
and 3.6 ± 0.1% acetyl groups, 26.1 ± 1.2% total lignin, 4.6 ± 0.1% total extractives and 0.8 ± 0.1% ash. 

2.2. Sawdust pretreatment  

Steam explosion was carried out in a high-pressure batch steam reactor with a nominal volume 
of 10 L, provided with automatic sensors to control pressure, temperature, and reaction time [28,29]. 
Nearly 735 g of dry sawdust was used per each condition tested. A 23 factorial design was performed 
with three replicates at the central point using the following process variables: temperature (T) (185 
and 205°C), reaction time (t) (5 and 10 min) and sawdust moisture content (MC) (8 and 50%). A 50% 
moisture content corresponds to the same humidity of fresh wood and 8% is the value achieved by 
ambient humidity equilibria in Uruguay. Two additional points were carried out in duplicate (cube 
face centers for moisture content, which were identified as assays EV10A, EV10B, EV11A, EV11B) to 
validate the model. Table 1 shows the conditions tested in the 23 factorial design. 

Moisture contents of 29 and 50% were achieved by soaking air-dried sawdust in distilled water 
and keeping the moisturized material in a closed plastic bag overnight at room temperature. Pretreat-
ment was carried out after pre-heating the reactor vessel to the desired temperature and eliminating 
any steam condensate. Samples were loaded into the reactor vessel, the reactor was closed, and the 
temperature was raised up to the setpoint by injection of saturated steam. Once the stipulated resi-
dence time at the desired temperature was reached, the reactor was rapidly depressurized to atmos-
pheric pressure. The exploded material was collected in a cyclone equipped with a stainless-steel 
sample collector. After this first decompression, a second explosion was performed to recover any 
residual material that may have been retained inside the reactor. The solid fraction was separated by 
centrifugation at 1000 rpm, followed by filtration through a nylon tissue in a Büchner funnel to re-
move most of the pretreatment liquor. The recovered solids were washed by immersion in distilled 
water (10 wt% TS) for 30 min at ambient temperature and filtered using a Büchner funnel once again; 
water washing was repeated four times until pH 5 in the wash waters. Raw material, pretreatment 
liquor and recovered solids were characterized following National Renewable Energy Laboratory 
(NREL) protocols [30–32]. Xylo-oligosaccharides (XOS) were determined as the difference between 
xylose content before and after dilute sulfuric acid hydrolysis. 

2.3. Enzymatic hydrolysis 

The effect of pretreatment on enzymatic hydrolysis was evaluated by tests performed at 4 wt% 
TS using low enzyme loadings. These conditions were used to avoid compensating for an inefficient 
pretreatment by applying high enzyme loadings or masking an efficient pretreatment by diffusional 
restrictions attributable to high substrate concentrations. The pretreated solids were hydrolyzed in 
duplicate for 96 h at 48°C and 150 rpm using 100 mmol/L acetate buffer (pH 4.8), 0.1% (w/v) sodium 
azide and 5 FPU/g TS of Cellic CTec2 from Novozymes (Bagsværd, Denmark). Hydrolysis was car-
ried out in 250 mL Erlenmeyer flasks containing 100 mL of suspended solids. Aliquots (1 mL) were 
withdrawn at different reaction times, heated for 5 min in a boiling water bath for enzyme denatur-
ation, and centrifuged at 13000 rpm for 10 min. The supernatants were analyzed by HPLC according 
to the previously mentioned NREL protocol [30]. 

2.4. Saccharification and fermentation 

After selecting the best pretreatment condition, enzymatic hydrolysis and fermentation were 
carried out using washed and unwashed exploded solids (solid obtained after filtration of the whole 
slurry) at two solids loading: 13 and 27 wt% TS. Glucose concentration for unwashed and washed 
exploded solids at 13 wt% TS were fitted by fractal kinetic modeling using the Equation 1: 

G(t) = 𝑮𝟎(𝟏 − 𝒆−𝒌 𝒕(𝟏−𝒉)) ( 1 ) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 June 2023                   doi:10.20944/preprints202306.1552.v1

https://doi.org/10.20944/preprints202306.1552.v1


 

where G(t) is the final glucose concentration (g/L), G0 is the initial glucan concentration (ex-
pressed as glucose in g/L), t is the reaction time (h), k is the time dependent rate coefficient, and h is 
the fractal exponent. 

Fermentations were carried out in duplicate using a PSSF strategy in 250 mL Erlenmeyer flasks 
containing 100 mL media. Pre-saccharification was performed at 48°C, 150 rpm for 24 h in citrate 
buffer 0.05 mol/L pH 4.8 containing 25 FPU/g glucan of CellicCTec2 and 20 mg/L chloramphenicol, 
while SSF was realized at 35°C, 100 rpm for 48 h, using S. cerevisiae PE-2 at initial yeast concentration 
of 1x108 cells/mL [7]. 

2.5. Statistical analysis  

The errors for each variable were estimated as standard deviations of replicated assays. Analysis 
of variance (ANOVA), regression equations and optimization by the desirability function was done 
with a 95% confidence level (α = 0.05) using the Statistica 8.0 software. 

3. Results and Discussion 

3.1. Pretreatment of eucalypt sawdust 

Table 1 shows the results in terms of pH and solids recovery after pretreatment at different ex-
perimental conditions (t, T, MC), along with the compositional analysis of pretreatment liquors and 
water-washed solids, always expressed per 100 g sawdust (dry basis). Solids recovery ranged from 
75 to 86%. As expected, these values decreased with an increase in the pretreatment severity factor 
(S0). This decrease occurs due to a greater materials solubilization, mainly from the hemicellulosic 
fraction and easily degradable lignin. Additionally, mass losses may also be partially attributed to 
secondary by-products that were not quantified (including volatiles) and to residual materials that 
could not be recovered from the reactor vessel. 

Hemicellulose sugars were partially recovered in the pretreatment liquor mostly in the oligo-
meric form. The recovery of water-soluble xylosaccharides (XS, xylose plus xylo-oligosaccharides ex-
pressed as xylose) were in the range of 24 to 55% (Table 1). Martin-Sampedro et al. [15] achieved a 
maximum XS recovery of 19% using eucalypt under similar pretreatment severities, while Park et al. 
[34] reached 33% using eucalypt and NaOH-catalyzed steam explosion. On the other hand, Rochón 
et al. [9] achieved a XS recovery of 82% (mainly as xylose), working at 180°C for 10 min in a semi-
continuous steam explosion reactor. In our work, XS recovery in the liquid fraction was influenced 
significantly by pretreatment time and the T-t interaction at a 95% confidence level (p < 0.05). By 
increasing the time and decreasing the T-t interaction, an increase in xylose recovery was observed 
in the liquid stream (Figure S1 in the Supplementary Material). The highest average recovery values 
were reached for EV2A and EV4A, in which pretreatment was carried out at 185°C for 10 min with a 
sawdust moisture content of 8 and 50%, respectively. 
  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 June 2023                   doi:10.20944/preprints202306.1552.v1

https://doi.org/10.20944/preprints202306.1552.v1


 

Table 1. Experimental design conditions for the steam explosion of eucalypt sawdust and the characterization of liquid and solid streams. 1 

Experimental condition EV1A EV2A EV3A EV4A EV5A EV5B EV5C EV6A EV7A EV8A EV9A EV10A2 EV10B2 EV11A2 EV11B2 

Temperature (°C) 185 185 185 185 195 195 195 205 205 205 205 195 195 195 195 
Time (min) 5 10 5 10 7.5 7.5 7.5 5 10 5 10 7.5 7.5 7.5 7.5 
Moisture content (%) 8 8 50 50 29 29 29 8 8 50 50 8 8 50 50 
S0 3.20 3.50 3.20 3.50 3.67 3.67 3.67 3.79 4.09 3.79 4.09 3.67 3.67 3.67 3.67 
pH 3.5±0.1 3.4±0.1 3.6±0.1 3.5±0.1 3.3±0.1 3.3±0.1 3.3±0.1 3.2±0.1 3.1±0.1 3.4±0.1 3.4±0.1 3.3±0.1 3.3±0.1 3.5±0.1 3.5±0.1 
Total solids recovery (%)  83.1±1.8 82.7±0.1 85.6±1.8 82.6±0.1 79.1±0.9 80.3±0.9 79.2±0.9 77.8±0.8 75.2±2.0 76.7±0.8 78.0±2.0 86.0±5.0 76.1±5.0 78.3±0.6 79.2±0.6 
Liquid fraction components in dry base (g/100 g dry sawdust) 

Gluco-oligomers1  0.2±0.1 0.4±0.2 0.3±0.1 ND 1.8±0.1 0.4±0.3 0.5±0.1 0.4±0.2 1.8±0.1 0.7±0.1 0.7±0.2 0.4±0.1 0.6±0.2 0.6±0.2 0.6±0.1 
Xylo-oligomers1  2.8±0.1 9.1±0.9 2.7±0.1 9.1±0.6 8.7±0.6 8.4±1.0 6.4±0.8 2.9±0.7 7.2±0.1 8.0±0.6 6.3± 0.1 5.3±0.5 3.2±0.1 9.4±0.1 2.7±0.4 
Acetyl groups in oligomers1  3.5±0.1 2.8±0.1 3.5±0.1 2.6±0.1 3.2±0.1 3.1±0.9 2.8±0.1 2.8±0.1 3.2±0.1 3.3±0.3 2.8±0.5 2.5±0.2 3.0±0.2 3.0±0.1 2.5±0.7 
Glucose  ND 0.1±0.1 ND 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 ND 0.1±0.1 0.1±0.1 0.1±0.1 ND 0.1±0.1 0.1±0.1 0.1±0.1 
Xylose  0.1±0.1 0.3±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.2±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 
Acetic acid  0.1±0.1 0.2±0.1 0.1±0.1 0.1±0.1 0.2±0.1 0.2±0.1 0.2±0.1 0.2±0.1 0.4±0.1 0.2±0.1 0.4±0.1 0.1±0.1 0.2±0.1 0.2±0.1 0.2±0.1 
Formic acid  0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 ND 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 
Levulinic acid  ND 0.2±0.1 ND 0.2±0.1 0.3±0.1 0.2±0.1 0.1±0.1 0.3±0.1 0.3±0.1 0.3±0.1 0.4±0.1 0.1±0.1 0.2±0.1 0.3±0.1 0.2±0.1 
Furfural  0.1±0.1 0.1±0.1 ND 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 
HMF ND ND ND ND 0.1±0.1 0.1±0.1 ND 0.1±0.1 0.1±0.1 0.1±0.1 0.1±0.1 ND 0.1±0.1 ND ND 
Solid fraction components in dry base (g/100 g dry sawdust) 

Glucan 42.9±0.1 43.2±0.2 43.0±0.6 43.4±0.5 40.9±2.8 42.1±0.3 42.4±1.2 38.9±1.2 40.9±0.4 42.0±0.7 42.7±1.1 43.4±0.7 40.6±1.7 42.3±1.3 42.8±0.9 
Xylan 6.9±0.2 4.3±0.1 6.2±1.2 5.9±0.9 3.3±0.6 3.7±0.1 2.9±0.2 2.6±0.1 1.6±0.3 3.4±0.1 2.9±0.1 3.5±0.4 4.6±0.3 5.1±0.1 3.8±0.1 
Insoluble lignin 26.1±0.1 27.9±0.1 25.7±0.1 26.8±0.1 26.6±0.1 28.0±0.1 32.0±0.1 28.8±0.1 29.3±0.1 25.3±0.1 26.8±0.1 30.1±0.1 26.8±0.1 25.7±0.1 26.3±0.1 
Soluble lignin 2.5±0.1 2.6±0.1 2.6±0.1 2.6±0.1 1.7±0.1 1.6±0.1 2.6±0.1 2.2±0.1 2.5±0.1 1.7±0.1 1.6±0.1 2.5±0.1 2.6±0.1 1.8±0.1 2.1±0.1 
Acetyl groups 0.1±0.1 0.6±0.1 0.1±0.1 0.9±0.1 0.2±0.1 0.1±0.1 0.6±0.1 0.2±0.1 0.1±0.1 0.1±0.1 0.1±0.1 1.0±0.1 0.4±0.1 0.3±0.1 0.9±0.1 

ND: not detected; 1Oligomers expressed as their monomers; 2Assays that do not belong to the experimental design; S0 is the severity factor [33]; EV5 is the center point of the experimental design. 2 
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Acetyl groups were recovered in high yields (between 71 and 97%) in the liquid stream. The 
highest value (97%) was obtained for the mildest pretreatment condition (185°C, 5 min), mainly 
linked to xylo-oligosaccharides (XOS), with a concentration of 20 g/L in the pretreatment liquor. Also, 
part of the acetyl groups was released as acetic acid from the xylan backbone by direct acid hydrolysis 
[30]. In general, if isolated from pretreatment liquors in high yields, XOS are compounds with high 
added value mainly due to their application as prebiotics in the food and pharmaceutical industries 
[35–37]. 

Other compounds such as HMF, furfural, formic acid and levulinic acids were obtained in small 
quantities in the pretreatment liquor, at concentrations of 0.1 g/L, 0.1 to 0.5 g/L and 0.1 to 2.8, 0.1 to 
1.5 g/L, respectively. These values are higher than those obtained by steam explosion of olive pruning 
[38], E. globulus chips [39,40] and sugarcane bagasse [41]. 

None of the variables studied (T, t, and MC) was statistically significant for the recovery of acetyl 
groups, furfural or HMF in the pretreatment liquor at a 95% confidence level (p < 0.05). Therefore, a 
model could not be established for these response functions in the present study. Besides, the con-
centration of furfural and HMF in liquid streams was either constant or undetectable for all condi-
tions tested in the experimental design. Levulinic acid was the main by-product obtained from acid 
catalyzed hexose dehydration, ranging between 0.1 and 0.4 g per 100 g of sawdust except for pre-
treatment at the lowest severity (185°C for 5 min), where its production was not detected. The pro-
duction of this acid increased positively with temperature, which was to be expected because more 
extreme pretreatment conditions (or higher pretreatment severities) favor side reactions involved in 
sugar dehydration. 

Glucans were the main component of the pretreatment solids, with percentages above 50% in all 
cases. Such glucan contents were aligned with those reported by other authors [15,42], which ranged 
from 50.3 to 54.8%. Glucan recovery in the pretreatment solids was between 90 and 100%, with an 
average of 97%, while xylan recovery was between 11 and 50%, with an average of 29% (Figure 1). 
Park et al. [34] found that glucan recovery remained relatively constant at ~84% when E. grandis wood 
chips were steam-exploded at S0 values ranging from 3.24 to 4.31, while Romaní et al.[42] observed 
that glucan losses increased significantly for S0 > 4.80. 

Xylan content in pretreated solids was statistically affected only by temperature, while xylose 
release in the pretreatment liquor depended on the extent of xylan hydrolysis. Hence, based on the 
statistical data, temperature governed xylan hydrolysis, whereas time determined the amount of xy-
lose remaining in solution. Xylan content in the pretreated solids were between 8.4 and 2.1% for S0 
values from 3.20 to 4.09, while glucan represented 51.6 to 54.4% and total lignin varied from 36.8 to 
42.3%, respectively. 

Xylan removal from pretreated solids increased with pretreatment severity, but this was not 
accompanied by an increase in xylan components (both monomeric and oligomeric) in the pretreat-
ment liquor, indicating mass losses normally due to dehydration. However, the quantification of fur-
fural in this liquid stream did not explain the low xylan recovery values, since at most only 1% of 
potential furfural was recovered with respect to the original sawdust xylan composition. However, 
it is known that furans are partially lost as pretreatment volatiles or undergo condensation reactions 
forming acid-insoluble humins and/or pseudolignin [43–45]. 

Temperature, time, and sawdust moisture content had no significant impact (p < 0.05) on both 
lignin and glucan contents of pretreated solids. The lignin content in pretreated solids varied from 
33.0 to 43.7%, which corresponds to lignin recoveries higher than 100% (surplus between 2 and 25% 
depending on the pretreatment condition). This apparent lignin overestimation is due to the accu-
mulation of humins and/or pseudolignin that are formed at high pretreatment severities and subse-
quently quantified as acid-insoluble lignin [45–47], a feature that NREL protocols are not able to dis-
tinguish. Li et al. [48] suggested that, at increased pretreatment severities, pseudolignin may account 
for as much as 50% of the acid-insoluble lignin found in steam-exploded aspen wood  
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Figure 1. Recovery of components derived from xylan (A) and glucan (B) in the liquid and solid frac-
tion. 

Although changes in sawdust moisture content (8 to 50%) had no statistically relevant impact 
on the analyzed response functions, excessive humidity may decrease pretreatment severity by 

A 

B 
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slowing the heating rate inside the reaction chamber and eventually consume more steam to reach 
desired reaction temperature [49]. This may have been the reason why air-dried sawdust (EV7A) 
resulted in ~4% more XS in the pretreatment liquor compared to using sawdust with a moisture con-
tent of 50% (EV9A). 

3.2. Enzymatic hydrolysis of pretreated eucalypt 

Table 2 shows final glucose concentration, enzymatic hydrolysis efficiency and glucan conver-
sion of unwashed exploded solids after incubation with a low enzyme loading of Cellic CTec2 for 72 
h. Some glucan conversion efficiencies were higher than the corresponding hydrolysis efficiencies 
because the glucose present in the unwashed solids (therefore, in the retained pretreatment liquor) 
was considered in the former but not in the latter calculations. Enzymatic hydrolysis using only 5 
FPU/g glucans released 3 to 13 g/L glucose in the substrate hydrolysate, while glucan conversion 
varied from 17 to 67% with maximum values achieved for pretreatments carried out at 205°C and 10 
min (EV7A and EV9A). An improvement in hydrolysis efficiency could be observed by increasing 
both pretreatment temperature and retention time of the eucalypt sawdust inside the reactor vessel. 

Table 2.  Enzymatic hydrolysis of drained (never washed) steam-exploded E. grandis sawdust for 72 
h using 4 wt% TS and 5 FPU/g glucan of Cellic CTec2 (Novozymes). 

Assays T (°C) t (min) 
Sawdust 

MC (%) 

Glucose 

(g/L) 

Hydrolysis 

efficiency1 (%) 

Glucan  

conversion2 (%) 

EV1A 185 (-1) 5 (-1) 8 (-1) 3.4 ± 0.1 16.4 ± 0.5 17.2 ± 0.3 

EV2A 185 (-1) 10 (1) 8 (-1) 6.4 ± 0.9 29.5 ± 2.8 30.3 ± 2.9 

EV3A 185 (-1) 5 (-1) 50 (1) 5.5 ± 0.1 30.3 ± 0.6 30.2 ± 0.6 

EV4A 185 (-1) 10 (1) 50 (1) 5.7 ± 0.6 28.4 ± 2.8 29.9 ± 2.9 

EV5A 195 (0) 7.5 (0) 29 (0) 9.5 ± 0.1 47.3 ± 0.4 44.0 ± 0.3 

EV5B 195 (0) 7.5 (0) 29 (0) 10.3 ± 1.6 46.9 ± 2.8 46.7 ± 2.7 

EV5C 195 (0) 7.5 (0) 29 (0) 9.9 ± 1.9 47.1 ±2.6 45.1 ± 2.5 

EV6A 205 (1) 5 (-1) 8 (-1) 10.5 ± 1.9 45.7 ± 2.8 42.2 ± 2.9 

EV7A 205 (1) 10 (1) 8 (-1) 14.7 ± 0.7 67.9 ± 2.6 65.5 ± 1.7 

EV8A 205 (1) 5 (-1) 50 (1) 12.0 ± 1.9 58.6 ± 2.8 57.9 ± 2.5 

EV9A 205 (1) 10 (1) 50 (1) 12.9 ± 1.9 66.8 ± 2.6 67.1 ± 2.7 

EV10A 195 (0) 7.5 (0) 8 (-1) 7.9 ± 0.3 39.8 ± 1.3 40.6 ± 2.4 

EV10B 195 (0) 7.5 (0) 8 (-1) 8.3 ± 1.0 40.5 ± 2.8 37.9 ± 2.9 

EV11A 195 (0) 7.5 (0) 50 (1) 9.5 ± 0.9 47.1 ± 2.8 47.3 ± 2.9 

EV11B 195 (0) 7.5 (0) 50 (1) 8.9 ± 1.9 42.0 ± 2.5 42.6 ± 2.7 

T is the reaction temperature and t is the reaction time; A, B and C are replicas for the same experi-
mental condition made in different steam explosion batches; 1 Hydrolysis efficiency based on the 
chemical composition of pretreated solids. 2 Glucan conversion based on sawdust composition. 

All pretreatment variables (temperature, time, and sawdust moisture content) had a positive 
influence in both enzymatic hydrolysis efficiency and glucan conversion (Table 3; see also Figure S2 
in Supplementary Material). Temperature had the strongest effect on both response functions, fol-
lowed by pretreatment residence time and sawdust moisture content. Also, when sawdust moisture 
content was high, glucan conversion was more sensitive to changes in pretreatment temperature (see 
Supplementary Material). 

Hemicellulose removal by acid hydrolysis improved both enzymatic hydrolysis efficiency and 
glucan conversion (glucose production from 100 g sawdust) (see Figure S3 in Supplementary 
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Material). The EV1A assay, which resulted in the lowest hydrolysis efficiency (17%), had the highest 
xylan concentration in the exploded solids (8.4%). However, other factors may have also been highly 
influential, such as changes in the distributions and in the physical and chemical properties of lignin. 

Table 3. Results of the effects of experiment design for steam explosion treatments and statistical 
analysis. 

Parameter LIQUID FRACTION SOLID FRACTION 

XS recovery (XR) 1 Hydrolysis efficiency (EH) 2 Glucan conversion (EGC)3 

Effect p-value Effect p-value Effect p-value 

Media 38.775 0.0011 42.950 <0.0001 42.537 0.0001 

Curvature 24.403 0.0440 8.300 0.0010 5.458 0.0972 

T 3.945 0.2753 33.600 <0.0001 31.275 0.0009 

t 25.735 0.0105 10.400 0.0001 11.325 0.0071 

MC 6.805 0.1242 6.150 0.0005 7.475 0.0161 

T.t -13.960 0.0343 4.800 0.0009 4.925 0.0359 

T.H 7.500 0.1056 -0.250 0.2193 1.175 0.3456 

H.t -9.180 0.0743 -7.250 0.0004 -6.875 0.0189 

Statistical significance was evaluated for p < 0.05. 1 XS, xylosaccharides (xylose + xylo-oligomers ex-
pressed as xylose) recovery based on exploited solid composition. 2 Hydrolysis efficiency based on 
exploited solid composition. 3 Glucan conversion efficiency based on sawdust composition. 

As expected, hydrolysis efficiency increased when the enzyme dosage was increased from 9 to 
25 FPU/g glucan. Improvements in enzymatic hydrolysis by adding more enzymes to the pretreated 
solids may not be economically viable, but ensures more enzyme in the medium to bind to cellulose 
chains. Working with an enzyme loading of 25 FPU/g glucan and 13 wt% TS raised hydrolysis effi-
ciency with respect to the results achieved using 9 FPU/g glucan and 4 wt% TS. For example, after 24 
h enzymatic hydrolysis of EV7A and EV9A unwashed pretreated substrates, hydrolysis efficiency 
was increased from 25 to 62% and from 44 to 57%, respectively. Also, changes in S0, which combines 
both temperature and time in a single reaction ordinate, had a linear correlation with the mass recov-
ery of pretreated solids and the parameters related to their enzymatic digestibility (final glucose con-
centration, hydrolysis efficiency, and glucan conversion) (see Figure S4 in Supplementary Material).  

A mathematical model was designed to reveal the effect of pretreatment variables on the follow-
ing response functions: solids recovery, final glucose concentration, enzymatic hydrolysis efficiency, 
and glucan conversion (see Table S1 in Supplementary Material). For hydrolysis efficiency and glu-
can conversion, both T.t and MC.t binary interactions were significant in the proposed model (Table 
3 and Figure S5 in Supplementary Material). In the case of glucan conversion, a linear model was 
obtained with an excellent goodness-of-fit (R2 of 0.999 and non-significant lack of fit). Likewise, a 
linear correlation was observed between experimental and theoretical values for glucan conversion 
(see Figure S6 in Supplementary Material). 

For glucan conversion efficiency (EGC), Equation 2 was developed with coded values consider-
ing only the statistically significant regression coefficients: 

EGC = 42.5 + 15.6 𝑇 + 5.7 𝑡 +  3.8 𝑀𝐶 + 2.5 𝑇𝑡 –  3.4 𝑀𝐶𝑡 ( 2 ) 

The highest glucan recovery from E. grandis sawdust was obtained at the highest pretreatment 
severity (205°C, 10 min), regardless of the sawdust original moisture content (66 and 67% in experi-
ments EV7A and EV9A, respectively). Hence, the enzymatic hydrolysis performance of EV7A and 
EV9A unwashed substrates was investigated at 4, 13, and 27 wt% TS. Hydrolysis efficiency and glu-
can conversion remained almost unchanged (62.3 and 61.8%, respectively) for EV7A pretreated solids 
when experiments were carried out at 4 to 13 wt% TS, probably because any inhibitory effect, if 
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existing, was resolved by increasing the enzyme dosage from 9 to 25 FPU/g. However, this behavior 
was different for assays carried out with EV9A or with EV7A at 27 wt% TS.  

Enzyme inhibition caused a descensus in both efficiency parameters, perhaps due to the pres-
ence of organic acids and/or phenolic compounds since, as mentioned above, the solids were not 
previously washed with water. At 27 wt% TS, both hydrolysis efficiency and glucan conversion de-
creased more than half for both substrates (EV7A and EV9A) compared to experiments at 4 wt% TS. 
On the other hand, hydrolysis at 13 wt% TS ended at 48 h, reaching 85% glucose in 24 h. Other authors 
achieved more than 75% total glucose release within the first 24 h of hydrolysis, with yields continu-
ing to increase with reaction time [41,46,47].  

Fockink et al. [41] obtained similar glucan conversions at 24 h of hydrolysis (close to 60%) for 
steam-exploded sugarcane bagasse (S0 of 3.67) using 15 wt% TS and 23.1 FPU/g glucan. However, 
their best result derived from hydrolysis at 20 wt% TS with 38.6 FPU/g glucan, in which a 99% glucan 
conversion was reached in 72 h [41]. Regarding hydrolysis efficiency and glucan conversion of un-
washed solids, the best results were obtained at 4 wt% TS with both EV7A and EV9A (65.5% and 
67.1%, respectively). 

The effect of water washing the pretreated solids was also analyzed. To this end, enzymatic hy-
drolysis was performed at high total solids (13 and 27 wt%) using EV7A and EV9A after a washing 
step. Water washing improved hydrolysis efficiency and glucan recovery due to the removal of en-
zyme inhibitors (Table 4). For EV7A assay, glucose concentration, enzymatic hydrolysis efficiency 
and glucan conversion at 24 h increased by 15 and 10%, respectively, with respect to drained material 
without water washing. However, at 12 h of hydrolysis, there were no significant differences between 
unwashed and water-washed pretreated materials. In the case of the EV7A pretreated solids without 
water washing, the glucose concentration had an increase of 11% between 12 and 24 h of hydrolysis, 
while a 30% increase was observed for water-washed solids in the same hydrolysis timeframe. 

Table 5 contains the fractal kinetic parameters for the 24 h enzymatic hydrolysis of both un-
washed and water-washed pretreated solids that were derived from experiments EV7A and EV9A 
(see Equation 1 for details), while Figure 2 shows the corresponding enzymatic hydrolysis profiles. 
Similar hydrolysis profiles and comparable k values were obtained for unwashed and water-washed 
EV9A pretreated solids. However, EV9A unwashed solids had the highest h parameter, which cor-
responds to the worst enzymatic hydrolysis performance.  

Unwashed solids presented higher h parameters due to the presence of hydrolysis and/or fer-
mentation inhibitors, leading to poor ethanol production parameters (Table 5). For the EV7A solids, 
there was only a 10% difference in glucan conversion for washed and unwashed solids. Hence, for 
this pretreatment condition, the advantages of water washing pretreated solids may be compensated 
by savings in capital costs, processing time, water requirements, and energy consumption. 
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Table 4. Enzymatic hydrolysis and ethanol production parameters for EV7A and EV9A solids (205°C 
and 10 min) at 13 and 27% TS using unwashed and water-washed pretreated materials. 

Parameter EV7A   EV9A   

Solids loading (wt%) 13 13 27 13 13 27 

Water washing Yes No No Yes No No 

Enzymatic hydrolysis parameters at 12 h 

Final glucose (g/L) 42.6 ± 0.5 44.0 ± 1.1 45.0 ± 0.1 42.7 ± 1.0 38.0 ± 1.1 27.2 ± 1.1 

Hydrolysis efficiency (%) 50.9 ± 2.2 53.5 ± 2.0 27.7 ± 0.1 53.7 ± 1.5 42.3 ± 1.0 16.5 ± 0.5 

Glucan conversion efficiency (%) 52.1 ± 0.6 53.4 ± 1.5 26.1 ± 0.1 52.5 ± 1.1 42.6 ± 1.3 16.3 ± 0.6 

Enzymatic hydrolysis parameters at 24 h 

Final glucose (g/L) 55.4 ± 0.7 50.4 ± 2.1 49.6 ± 1.2 51.0 ± 1.8 51.1 ± 1.8 35.5 ± 1.8 

Hydrolysis efficiency (%) 67.1 ± 1.9 61.8 ± 2.4 30.0 ± 0.8 64.3 ± 1.9 57.3 ± 1.9 21.5 ± 0.9 

Glucan conversion efficiency (%) 67.7 ± 0.9 61.3 ± 1.9 28.3 ± 0.8 62.6 ± 2.2 57.3 ± 2.1 21.3 ± 1.1 

Ethanol production parameters for SSF at 42 h of PSSF 

Ethanol (g/L) 30.7 ± 1.9 27.7 ± 0.9 27.0 ± 0.8 25.2 ± 1.3 21.0 ± 1.8 21.0 ± 1.7 

Ethanol productivity (g/Lh) 0.73 ± 0.05 0.66 ± 0.02 0.64 ± 0.01 0.60 ± 0.04 0.50 ± 0.05 0.50 ± 0.04 

Ethanol yield (L/t) 227 ± 15 206 ± 13 96 ± 0 189 ± 10 154 ± 13 77 ± 6 

EC (%) 1 76.2 ± 2.2 69.5 ± 2.2 32.6 ± 0.2 62.6 ± 2.2 49.9 ± 2.5 25.0 ± 2.1 

EG (%) 2 73.6 ± 2.5 65.9 ± 2.3 30.7 ± 0.2 60.5 ± 2.3 49.2 ± 2.5 24.6 ± 2.1 

1 EC, ethanol production efficiency of hydrolysis and fermentation process based on solid exploited composition.  
2 EG, ethanol production efficiency of hydrolysis and fermentation process based on sawdust composition. Enzyme 

dose was 25 FPU/g glucan. 
 

 

Figure 2. Glucose (A) and hydrolysis efficiency (B) profiles for washed and unwashed EV7A and 
EV9A exploded solids. 

A B
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Table 5. Fractal kinetic parameters from enzymatic hydrolysis profiles for EV7A and EV9A washed 
and unwashed exploded solids at 13% solid content 

Assay Water washing G0 k (h-1) h R2 

EV7A No 81.37 0.185 0.437 0.991 
Yes 81.42 0.166 0.383 0.997 

EV9A No 80.15 0.176 0.476 0.985 
Yes 79.41 0.177 0.423 0.995 

3.3. Saccharification and fermentation  

In PSSF assays, hydrolysis of washed or unwashed pretreated solids was initially carried out for 
24 h, when S. cerevisiae PE-2 was added as inoculum to initiate ethanol production. Afterward, hy-
drolysis and fermentation were performed for another 52 h, giving a total processing time of 72 h for 
both steps. High TS (13 and 27 wt%) were used to achieve high ethanol concentrations. Enzymatic 
hydrolysis was performed for 24 h with an enzyme loading of 25 FPU/g glucan. After SSF for 12 to 
18 h, ethanol concentration remained constant. The best results were obtained with 13 wt% TS, 
whereby 154 to 227 L of ethanol were produced per ton of sawdust (dry basis), depending on the 
condition and whether the pretreated material was water-washed or not. Increasing the substrate TS 
from 13 to 27 wt% did not produce an increase in the final ethanol concentration for both EV7A and 
EV9A pretreated solids, and ethanol productivities were also very similar (Table 4). However, there 
was a decrease in ethanol yield in L per ton of sawdust. For 27 wt% TS, hydrolysis was partially 
inhibited resulting in less available glucose to ferment. Also, hydrolysis rate was decreased by de-
creasing the reaction temperature from 48 to 35°C during PSSF fermentation, while inhibitory effects 
may have been possibly enhanced. Hydrolysis efficiency dropped by a factor of 2 when the solids 
concentration was raised from 13 and 27 wt%, with the same effect being observed in the associated 
ethanol production. This suggests that the PE-2 yeast strain did not decrease productivity due to 
presence of possible inhibitors, but just because there was less glucose available in the medium for 
fermentation. 

Figure 3 shows the concentration profiles of sugars, ethanol, and glycerol during PSSF of water-
washed EV7A pretreated solids. Glycerol and cellobiose concentrations were always below 4 g/L, 
allowing the enzymes and yeast to perform well. Fermentation occurred rapidly, reaching the maxi-
mum ethanol concentration 12 h after inoculation. At this point, all available glucose was already 
consumed and both microbial growth and ethanol concentration remained constant until the end. 
Therefore, there was no need to extend hydrolysis and fermentation beyond 12 h. With this, the total 
processing time for optimal PSSF performance was reduced to only 36 h. 

Ethanol yields and productivity increased with a decrease in initial sawdust moisture content. 
Unwashed steam-exploded solids from air-dried sawdust (EV7A) hydrolyzed faster in the first 12 h, 
reaching a final glucose concentration 16% higher than unwashed solids derived from sawdust with 
a 50% moisture content (EV9A). However, water-washed solids displayed a different behavior. This 
indicates that pretreatment was more severe for sawdust with a low moisture content, leading to a 
more extensive hydrolysis of water-soluble XOS that are highly detrimental to enzymatic hydrolysis. 
However, this rise in So was not strong enough to release fermentation inhibitors up to a critical level. 
For experiments carried out with high moisture content sawdust, inhibitory effects could be easily 
removed by water washing of the pretreated solids.  

Romaní et al. [42] used SSF to produce high glucan conversions (91%) and ethanol concentra-
tions (51 g/L) from E. globulus wood chips that were pretreated by steam explosion at 210°C for 10 
min (So = 4.39) (Table 6). Fermentation efficiencies between 50 and 76% were obtained using PSSF, 
which corresponds to an ethanol production of 154 to 227 L per ton of dry sawdust, respectively. 
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Figure 3. Profiles of ethanol, glycerol, and sugars during PSSF fermentation for EV7A washed ex-
ploded solid at 13% solid content. 

Neves et al. [47] worked with steam-exploded sugarcane bagasse in three fermentation modali-
ties and obtained the highest ethanol production yield (86%) by separate hydrolysis and fermentation 
(SHF), followed by 67% for SSF and 54% for PSSF. However, as in the present study, the best volu-
metric productivity was for PSSF (0.58 g/Lh). López-Linares et al. [50] and Martín-Davison et al. [51] 
obtained ethanol conversion efficiencies of 70 and 78% by SSF after pretreatment of rapeseed straw 
and poplar hybrid at 215 and 220°C, respectively (Table 6). Chiarello et al. [6,52]achieved 83 and 88% 
ethanol conversion efficiencies from steam-exploded E. urograndis wood chips that were pretreated 
at 210°C for 5 and 10 min, respectively, using the same equipment applied in this work. Despite using 
different saccharification and fermentation strategies, all these values are close to what was achieved 
from water-washed E. grandis sawdust (76%). Also, McIntosh et al. [26] used dilute sulfuric acid hy-
drolysis followed by steam explosion of E. grandis wood chips to achieve similar ethanol yields in L 
per ton of dry matter. A higher ethanol yield of 304 L/ton was obtained by Castro et al. [53] from 
phosphoric acid impregnated, steam-treated E. benthamii wood chips but, in their studies, fermenta-
tion was carried out with a microorganism that was capable of fermenting both glucose and xylose 
to ethanol. 

Glycerol is formed from an intermediate of glycolysis in response to high osmotic pressure due 
to high sugar concentration in the fermentation broth. This is why its production is increased at the 
beginning of fermentation and levels-off at longer reaction times in SSF experiments (Figure 3). 

3.4. Mass balance 

Steam explosion of air-dried E. grandis sawdust (8% moisture content, 205°C, 10 min) followed 
by PSSF fermentation produced 227 L ethanol, 73 kg XS (xylose plus XOS), 36 kg acetic acid, 7 kg 
glycerol, 1 kg 5-HMF plus furfural, and 3 kg levulinic acid per ton of dry biomass (Figure 4). The XS 
recovery was similar to those obtained by Cebreiros et al. [54] and Romaní et al. [55] using eucalypt 
and steam explosion, however, XOS in our work were obtained in higher yields. These XOS have a 
great potential to be used as prebiotics in food and feed applications [35,37]. High ethanol produc-
tions per dry ton of eucalypt sawdust are obtained. Similar values were reported by Chiarello et al. 
[6] working with E. urograndis wood chips and steam explosion. 
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Table 6. Ethanol production parameters from different lignocellulosic biomass pretreated with steam 
explosion (SE). 

NR: not reported; 1 EC, ethanol production efficiency based on substrate composition. 2 Calculated from 
the data reported by the authors. 

Material Operation condition Ethanol 

(g/L) 

Productivity 

(g/L.h) 

EC 1 (%) Ethanol yield 

(L/t) 

Reference 

E. urograndis 
chips  

SE (210°C, 5 min), fermentation (4% TS, 7-44 
FPU/g TS, SHF) 

21 0.3 83-84 NR [52] 

E. grandis chips 
(whole tree) 

Acid pretreatment (170-186°C, 15 min, H2SO4 
0.75-2.4%, drained solid), SE (185°C, 5 min), 
fermentation (15 wt% TS, 20 FPU/g glucan, 
PSSF) 

10-18 0.1-0.3* 23-42 105-1662 [26] 

E. urograndis 

chips 

SE (210°C, 10 min), fermentation (20 wt% TS, 
13 FPU/g TS, SHF) 

27 1.4 88 219  [6] 

E. benthamii, E. 

grandis chips 

7.9 mm, acid impregnation (0.5-0.8% H3PO4, 
4 h), SE (200°C, 5-10 min), fermentation (10 
wt% TS, cellulase 14.7 FPU/g TS, SHCF) 

21-24 0.2-0.32 NR 304 [53] 

E. globulus chips 8 mm, SE (180-210°C, 10-30 min), fermenta-
tion (5-14 wt% TS, 10-20 FPU/g TS, β-gluco-
sidase/cellulase, SSF) 

5.4-50.9 1.0-2.7 31-91 NR [42]  

Poplar hybrids 
(H-29, H-34) 

10 mm, SE (200-220°C, 3-5 min), fermenta-
tion (10 wt% TS, 15 FPU/g TS, SSF) 

9-21 0.1-0.32 32-70 NR [51] 

Olive tree prun-
ing chips 

< 10 mm, SE (190-240°C, 5 min, 0-2% H2SO4, 
10-50% moisture), fermentation (10 wt% TS, 
15 FPU/g TS, β-glucosidase at 15 IU/g TS, 
SSF, 35°C) 

NR NR 29-68 1252 [46] 

Sugarcane ba-
gasse 

50% moisture, with & without extraction 
(95% ethanol, 7 h), SE (195°C, 7.5 min, with 
& without H3PO4 or H2SO4, 9.5 mg acid/TS), 
hydrolysis (7.3 wt% TS, 8.4 FPU/g TS, 96 h), 
fermentation (12 wt% TS, SHF, SSF, PSSF) 

23-27 (SHF)  

15 – 19 (SSF) 

15 (PSSF) 

0.3 (SHF)  

0.3-0.4 (SSF) 

0.6 (PSSF) 

84-92 (SHF) 

57-75 (SSF) 

50-54 (PSSF) 

NR [47] 

Rapeseed straw SE (215°C, 7.5 min), fermentation (20-30 wt% 
TS, 20-40 FPU/g TS, SSF and PSSF 30 wt% 
TS) 

43-50 (SSF) 

53-56 (PSSF) 

0.6-0.7* (SSF) 

0.5-0.7* (PSSF) 

61-78 (SSF) 

63-67 (PSSF) 

122-157 (SSF) 

125-136 (PSSF) 

[50] 

E. grandis saw-
dust 

SE (205°C, 10 min, 8% moisture), drained, 
hydrolysis and fermentation (27 wt% TS, 25 
FPU/g glucan, PSSF) 

27.0 0.64 32.6 96 This 
work 

E. grandis saw-
dust 

SE (205°C, 10 min, 8% moisture), hydrolysis 
and fermentation (13 wt% TS, 25 FPU/g glu-
can, PSSF) 

30.7 0.85 76.2 227 This 
work 
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Figure 4. Material mass balance for 100 kg of eucalypt sawdust using steam explosion pretreatment 
(EV7A condition) for ethanol production and other products. 

Steam explosion allowed for a selective fractionation of E. grandis sawdust with respect to plant 
cell wall polysaccharides. Lignin remains mostly with the enzymatic sludge, where it may be recov-
ered from for its subsequent valorization. Some reports indicate that this type of lignin is more acti-
vated than other sources of technical lignins [56]. 

5. Conclusion 

Steam explosion of eucalypt sawdust was an effective pretreatment technique for biomass frac-
tionation. Sawdust moisture content had little impact on pretreatment yields and the residence time 
into the steam reactor was the main variable to improve the recovery of xylosaccharides. Pretreat-
ment increased enzyme accessibility to plant cell wall polysaccharides (mostly cellulose), resulting in 
reasonably high glucose yields (61%) at 24 h of hydrolysis using low enzyme loadings. Temperature 
had the greatest impact on enzymatic hydrolysis performance and water washing of the exploded 
solid increased the overall glucan conversion efficiency. The PSSF strategy at high total solids using 
water-washed steam-exploded solids improved ethanol yields. The best pretreatment condition al-
lows to potentially obtain 227 L ethanol and 73 kg xylosaccharides from one ton of dry sawdust. 

Supplementary Materials: Figure S1: Response surface plots for the recovery of xylosaccharides depending on 
the different variables studied: (a) Moisture content and time, (b) Moisture content and temperature, and (c) 
Time and temperature. Figure S2: Surfaces Plot for hydrolysis efficiency and glucan conversion depending on 
the different variables studied: (a) moisture content and time, (b) moisture content and temperature, and (c) time 
and temperature for hydrolysis efficiency, (d) moisture content and time, (e) moisture content and temperature, 
and (f) time and temperature for glucan conversion. Figure S3: Variation of hydrolyzed glucose produced from 
100 g sawdust with respect to xylan removal after steam explosion. Figure S4: (a) Solids recovery, (b) final glu-
cose concentration, (c) hydrolysis efficiency and (d) glucan conversion efficiency vs. pretreatment severity (S0). 
Table S1: Standardized models obtained for solid recovered, final glucose concentration, hydrolysis efficiency 
and glucan conversion efficiency. Figure S5: Pareto chart of standardized effects for (a) xylosaccharides recovery, 
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(b) hydrolysis efficiency, and (c) and glucan conversion efficiency.; Figure S6: Experimental glucan efficiency 
conversion of exploded solids vs. model predicted values (Equation 2). 
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